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Strong decays of higher excited heavy-light mesons in a chiral quark model
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Department of Physics, Hunan Normal University, and Key Laboratory of Low-Dimensional
Quantum Structures and Quantum Control of Ministry of Education, Changsha 410081, China
The strong decay properties of the higher excited heavy-light mesons from the first radially excited states up
to the first F-wave states are studied in a constituent quark model. It is found that many missing excitations
have good potentials to be found in future experiments for their narrow widths, and some of them dominantly
decay into the first orbital excitations rather than into ground states. In future observations, one should focus
on the decay processes not only into the ground states, but also into the low-lying P-wave excitations with
JP = 0+, 1+. Furthermore, the nature of the newly observed states DJ(3000), D∗J(3000) and B(5970) is discussed.
It is predicted that DJ(3000) seems to be a partner of DsJ(3040), which could be identified as the low-mass mixed
state |2P1〉L (JP = 1+) via the 21P1-23P1 mixing. The D∗J(3000) resonance seems to favor the 13F4 state, while
the quantum numbers JP = 0+ and 2+ cannot be excluded complectly, more experimental observations are
needed to determine its JP values. The B(5970) resonance is most likely to be the 13D3 with JP = 3−.
PACS numbers: 12.39.Fe, 12.39.Jh, 13.25.Ft, 13.25.Hw
I. INTRODUCTION
During the past several years, significant progress has
been made in the observation of the heavy-light mesons.
More and more higher excitations have been found in ex-
periments. In the D-meson family, four new members, the
D(2550), D(2600), D(2750) and D(2760) were discovered by
the BABAR Collaboration [1], which were confirmed by the
LHCb Collaboration with slightly different masses [2]. Fur-
thermore, the LHCb Collaboration observed two new higher
D-meson excitations, D∗J(3000) and DJ(3000), with natural
and unnatural parities, respectively [2]. In the Ds-meson
family, except for the Ds1(2700) and DsJ(2860) observed by
BABAR and Belle before [3, 4], recently a new broad higher
Ds-meson excitation DsJ(3040) was observed by BABAR as
well [5]. Very recently, progress has been obtained in the
search for the excited B meson as well. The CDF Collabo-
ration observed some evidence of a new narrow excited state
B(5970) in the Bπ channel [6].
About the newly observed states D(2550), D(2600),
D(2750), D(2760), Ds1(2700), DsJ(2860) and DsJ(3040),
their strong decays had been analyzed in our previous pa-
pers [7–9]. We found that the D(2760) could be identified
as the 13D3 with JP = 3−, while the D(2750) is most likely to
be the mixed state |1D2′〉H (JP = 2−) via the 11D2-13D2 mix-
ing. The D(2600) favors the mixed state |(S D)1〉L (JP = 1−)
via the 13D1-23S 1 mixing. The D(2550) might be assigned
as the 21S 0 assignment although its predicted width is obvi-
ously narrower than that given in experiments. For the newly
observed DsJ mesons, we found that the Ds1(2700) is most
likely to be the strange partner of the D(2600). There might
exist two-state scenario for the DsJ(2860), one resonance cor-
responds to the strange partner of the D(2760) [denoted by
DsJ1(2860)] and the other resonance is the strange partner of
the D(2750) [denoted by DsJ2 (2860)]. The DsJ(3040) could
be identified as the low-mass physical state |2P1〉L via the
21P1-23P1 mixing. More discussions of these newly observed
D and Ds mesons can be found in the literature [10–30].
On the other hand, about the higher excitations D∗J(3000),
DJ(3000) and B(5970) observed very recently, a few stud-
ies can be found in the literature [31–37]. For example, the
D∗J(3000) and DJ(3000) states were explained as the first P-
wave states in the D meson family with JP = 0+ and 1+, re-
spectively [23]. As a candidate of the 23S 1 [36, 37], 13D1 and
13D3 states [36], the strong decay properties of the B(5970)
were studied with the heavy meson effective theory.
These newly observed higher excitations provide us a good
chance to establish a fairly abundant D- and Ds-meson spec-
troscopy, which has been summarized in Tab. I. For com-
parisons, some interested predictions of the heavy-light me-
son spectroscopy in theory are also included [39, 40]. From
the table, it is seen that the knowledge about the B- and
Bs-meson spectroscopy is very poor. Except for the ground
states, only two low-lying orbital excitations in the P waves
are found in the B- and Bs-meson spectroscopy. The discovery
of the B(5970) enhances our confidence in the search for more
higher excitations in the B- and Bs-meson families. From now
on, we might have a golden time to study the higher excita-
tions of the heavy-light mesons.
To provide helpful information for the experimental search
for more excited heavy-light mesons and to gain a unified un-
derstanding of the newly observed resonances, in this work we
continue to study the strong decay properties of the higher ex-
citations of heavy-light mesons up to the F waves (see Tab. I)
with the chiral quark model as well. This model has been
developed and successfully used to deal with the strong de-
cays of heavy-light mesons, charmed and strange baryons [7–
9, 41–43].
This paper is organized as follows. In the subsequent sec-
tion, a brief review of the model is given. The numerical re-
sults are presented and discussed in Sec. III. Finally, a sum-
mary is given in Sec. IV.
2TABLE I: The heavy-light meson spectroscopy predicted in theory compared with the observations in experiments. The predicted masses
(MeV) are obtained from [39, 40], while the observed states are obtained from the PDG [38]. The 1P1 and 1P′1 stand for the low-mass and
high-mass mixed states via the 11P1-13P1 mixing, respectively, which have been defined in [7]. The 1D2 and 1D′2 stand for the low-mass and
high-mass mixed states via the 11D2-13D2 mixing, respectively. The 2P1 and 2P′1 stand for the low-mass and high-mass mixed states via the
21P1-23P1 mixing, respectively.
States D mesons Ds mesons B mesons Bs mesons
n2S+1LJ Predicted Mass Observed state Predicted Mass Observed state Predicted Mass Observed state Predicted Mass Observed state
11S 0 1868/1871 D(1865) 1965/1969 Ds(1969) 5279/5280 B(5280) 5373/5372 Bs(5367)
13S 1 2005/2010 D∗(2007) 2113/2111 D∗s(2112) 5324/5326 B∗(5325) 5421/5414 B∗s(5415)
13P0 2377/2406 D∗0(2400) 2487/2509 Ds0(2317) 5706/5749 ? 5804/5833 ?
1P1 2417/2426 D1(2430) 2535/2536 Ds1(2460) 5700/5723 B∗J(5732)? 5805/5831 ?
1P′1 2490/2469 D1(2420) 2605/2574 Ds1(2536) 5742/5774 B1(5721) 5842/5865 Bs1(5830)
13P2 2460/2460 D2(2460) 2581/2571 Ds2(2573) 5714/5741 B2(5747) 5820/5842 Bs2(5840)
21S 0 2589/2581 D(2550)? 2700/2688 ? 5886/5890 ? 5985/5976 ?
23S 1 2692/2632 D(2600)? 2806/2731 Ds1(2700)? 5920/5906 ? 6019/5992 ?
13D1 2795/2788 ? 2913/2913 ? 6025/6119 ? 6127/6209 ?
1D2 2775/2806 ? 2900/2931 ? 5985/6102 ? 6095/6189 ?
1D′2 2883/2850 D(2750)? 2953/2961 DsJ2 (2860)? 6037/6121 ? 6140/6218 ?
13D3 2799/2863 D(2760)? 2925/2971 DsJ1 (2860)? 5993/6091 B(5970)? 6103/6191 ?
23P0 2949/2919 ? 3067/3054 ? 6163/6221 ? 6264/6318 ?
2P1 2995/2932 DJ(3000)? 3114/3067 DsJ (3040)? 6175/6209 ? 6278/6321 ?
2P′1 3045/3021 ? 3165/3154 ? 6194/6281 ? 6296/6345 ?
23P2 3035/3012 ? 3157/3142 ? 6188/6260 ? 6292/6359 ?
13F2 3101/3090 ? 3224/3230 ? 6264/6412 ? 6369/6501 ?
1F3 3074/3129 ? 3203/3254 ? 6220/6391 ? 6332/6468 ?
1F′3 3123/3145 ? 3247/3266 ? 6271/6420 ? 6376/6515 ?
13F4 3091/3187 ? 3220/3300 ? 6226/6380 ? 6337/6475 ?
II. THE MODEL
In this section, we give a brief review of the chiral quark
model. The details of this model can be found in our pre-
vious papers [7–9]. In this model, the low energy quark-
pseudoscalar-meson and quark-vector-meson interactions in
the SU(3) flavor basis might be described by the effective La-
grangians
LPqq =
∑
j
1
fm
¯ψ jγ
j
µγ
j
5ψ j∂
µφm, (1)
LVqq =
∑
j
¯ψ j(aγ jµ +
ib
2m j
σµνqν)Vµψ j, (2)
respectively, where ψ j represents the jth quark field in the
hadron, φm is the pseudoscalar meson field, fm is the pseu-
doscalar meson decay constant, and Vµ represents the vector
meson field. Parameters a and b denote the vector and tensor
coupling strength, respectively.
In this model, the wave function of a heavy-light meson is
adopted by the nonrelativistic harmonic oscillator wave func-
tion, i.e., ψnlm = RnlYlm. To match the nonrelativistic wave
functions of the heavy-light mesons, we should adopt the non-
relativistic form of Eq. (1) in the calculations, which is given
by [46–48]
Hm =
∑
j
[
Aσ j · q +
ωm
2µq
σ j · p j
]
I jϕm, (3)
in the center-of-mass system of the initial meson, where we
have defined A ≡ −(1 + ωmE f +M f ). On the other hand, from
Eq. (2), one can easily derive the nonrelativistic transition op-
erators for the emission of a transversely or longitudinally po-
larized vector meson, which are given by [49–51]
HTm =
∑
j
{
i
b′
2mq
σ j · (q × ǫ) + a2µq p j · ǫ
}
I jϕm, (4)
and
HLm =
∑
j
aMv
|q|
I jϕm . (5)
In the above equations, q and ωm are the three-vector momen-
tum and energy of the final-state light meson, respectively;
p j is the internal momentum operator of the jth quark in the
heavy-light meson rest frame; σ j is the spin operator corre-
sponding to the jth quark of the heavy-light system; and µq is
a reduced mass given by 1/µq = 1/m j + 1/m′j with m j and m′j
for the masses of the jth quark in the initial and final mesons,
3respectively. Mv is the mass of the emitted vector meson. The
plane wave part of the emitted light meson is ϕm = e−iq·r j , and
I j is the flavor operator defined for the transitions in the SU(3)
flavor space [47–51]. The parameter b′ in Eq. (4) is defined as
b′ ≡ b − a.
For a light pseudoscalar meson emission in heavy-light me-
son strong decays, the partial decay width can be calculated
with [7, 41]
Γ =
(
δ
fm
)2 (E f + M f )|q|
4πMi(2Ji + 1)
∑
Jiz,J f z
|MJiz,J f z |
2, (6)
whereMJiz,J f z is the transition amplitude, and Jiz and J f z stand
for the third components of the total angular momenta of
the initial and final heavy-light mesons, respectively. δ as a
global parameter accounts for the strength of the quark-meson
couplings. It has been determined in our previous study of
the strong decays of the charmed baryons and heavy-light
mesons [7, 41]. Here, we take the same value as that deter-
mined in Refs. [7, 41], i.e., δ = 0.557.
In the calculation, the standard quark model parameters are
adopted. Namely, we set mu = md = 330 MeV, ms = 450
MeV, mc = 1700 MeV, and mb = 5100 MeV for the con-
stituent quark masses. The harmonic oscillator parameter
β in the wave functions of heavy-light mesons is taken as
β = 0.40 GeV. The decay constants for π, K and η mesons
are taken as fπ = 132 MeV, fK = fη = 160 MeV, respec-
tively. For the quark-vector-meson coupling strength which
still suffers relatively large uncertainties, we adopt the values
extracted from vector meson photoproduction, i.e. a ≃ −3 and
b′ ≃ 5 [49–51]. The masses of the mesons used in the calcu-
lations are adopted from the PDG [38]. With these param-
eters, the strong decay properties of the well-known heavy-
light mesons and charmed baryons have been described rea-
sonably [7–9, 41, 42].
III. CALCULATIONS AND RESULTS
A. The 21S 0 states
Recently, the BABAR Collaboration observed an excited
D-meson state D(2550) in the D∗π channel with a width of
Γ ≃ 130 MeV [1], which was also observed by the LHCb
Collaboration recently [2]. In theory, the first radially excited
D-meson state 21S 0 has a mass ∼ 2.58 GeV [39, 40, 44]. Fur-
thermore, the decay mode and the BABAR analysis of angle
distributions indicate that the D(2550) should be classified as
the radially excited state 21S 0. We have studied the strong
decays of the D(2550) as the first radially excited D-meson
state 21S 0 in Refs. [7, 9]. The strong decays of D(21S 0) are
dominated by the D∗π and D0(2400)π modes. In the present
work we have improved our predictions according to the new
observations from the LHCb Collaboration [2]. The results
are listed in Tab. II. The predicted partial decay width ratio is
Γ[D∗π]
Γ[D0(2400)π] ≃ 0.28, (7)
which strongly depends on the mass of D0(2400). Our pre-
dicted width, Γ ≃ 68 MeV, is about a factor of 2 narrower than
the data. The 3P0 model [23] and relativistic quark model [39]
calculations also obtained a narrow width for the D(21S 0)
state.
If the D(2550) is the 21S 0 assignment indeed, the same
excitation in the Ds-, B-, and Bs-meson spectroscopy might
be found in future experiments. To obtain more information
about these missing states, we further study the strong decay
properties of these radially excited states Ds(21S 0), B(21S 0)
and Bs(21S 0) in the following.
TABLE II: The strong decay width (MeV) of the D(2550) as the 21S 0
with a mass of 2580 MeV.
Mode D∗π D0(2400)π Total
Width 15 53 68
In the Ds-meson family, the predicted mass of the first radi-
ally excited state 21S 0 is around 2.7 GeV [39, 40, 44]. There
is no experimental information about this state. The strong de-
cay properties of Ds(21S 0) have been studied in our previous
work [7]. Its strong decays are governed by the D∗K chan-
nel. Based on our model, the Ds(21S 0) is a very narrow state
with a width of Γ ≃ 10 MeV. Such a narrow state should be
observed in the D∗K final states if it indeed exists.
In the B-meson family, the predicted mass of B(21S 0) is
around 5.9 GeV [39, 40, 44]. We calculate its strong decay
properties, which are listed in Tab. III. It is seen that the strong
decays are dominated by the B∗π and B(13P0)π channels, and
the predicted partial width ratio is
Γ[B∗π]
Γ[B(13P0)π] ≃ 1.3. (8)
The B(21S 0) is also a narrow state with a width of Γ ≃ 40
MeV, which is slightly narrower than that of D(21S 0). The
decay width predicted by us is roughly compatible with the
recent calculations with 3P0 model [33].
TABLE III: The strong decay width (MeV) of the B(21S 0) with a
mass of 5886 MeV. The mass of B(13P0) is taken as 5706 MeV.
Mode B∗π B(13P0)π B(13P2)π B∗η Total
Width 16 24 0.01 0.25 40
In the Bs-meson family, the predicted mass of Bs(21S 0) is
around 6.0 GeV [39, 40, 44]. We calculate the strong decay
properties of this state with a mass of M = 5985 MeV. This
state dominantly decays into the B∗K channel. The total decay
width is Γ ≃ 26 MeV, which is a little narrower than that of
the 3P0 calculations [33].
As a whole, the first radially excited states 21S 0 in the D-,
Ds-, B- and Bs-meson spectroscopy might have a fairly narrow
width. However, up to now none of them has been established.
It is still a puzzle why such narrow radially excited states are
still missing. More theoretical and experimental studies are
needed.
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FIG. 1: The partial decay width and total decay width for the mixed states via 23S 1-13D1 mixing in the B- and Bs-meson families as functions
of the mixing angle φ. The shaded bands correspond to the possible mixing angle region derived from the strong decay properties of the
D(2600) and Ds1(2700). The masses for the mixed states in the B-meson family, B(|(S D)1〉L) and B(|(S D)′1〉H), are adopted as 5920 and 6025
MeV, respectively, while, the masses for the mixed states in the Bs-meson family, Bs(|(S D)1〉L) and Bs(|(S D)′1〉H), are adopted as 6000 and
6100 MeV, respectively. The mass of B(1P1) is taken as 5720 MeV. In the figure, we have hidden some decay channels because of their small
partial decay widths.
B. The 23S 1-13D1 mixing
In 2010, the BABAR Collaboration discovered a new ex-
cited D-meson state D(2600) in Dπ and D∗π decay channels
with a mass of M = 2612 ± 6 MeV and a total decay width
of Γ = 93 ± 6 ± 13 MeV [1], which might be a partner of the
Ds1(2700) observed previously by BABAR and Belle [3, 4].
The D(2600) may correspond to the D(2650) observed by
LHCb very recently [2].
In our previous work [8, 9], we have carefully studied the
strong decay properties of the D(2600) and Ds1(2700). Ac-
cording to our analysis, both D(2600) and Ds1(2700) could
be explained as the mixed state |(S D)1〉L via the 23S 1-13D1
mixing:
 |(S D)1〉L
|(S D)′1〉H
 =
 cosφ sin φ
− sinφ cos φ

 |23S 1〉
|13D1〉
 . (9)
The mixing angle for the D(2600) is φ ≃ −(36 ± 6)◦, while
that for the Ds1(2700) is φ = (−54±7)◦. To explain the strong
decay properties of the D(2600) and/or Ds1(2700), configura-
tion mixing between 23S 1 and 13D1 is also suggested in the
literature [17, 26, 28].
Following the mixing scheme in Eq. (9), the strong de-
cay properties of the physical partners of the D(2600) and
Ds1(2700), i.e., |(S D)′1〉H , have been obtained as well. Tak-
ing the mass of D(|(S D)′1〉H) in the range of (2.65 ∼ 2.80)
GeV, we predict that the D(|(S D)′1〉H) is a broad state with a
width of Γ ≃ (360 ± 120) MeV. Its strong decays are dom-
inated by Dπ and D1(2420)π. On the other hand, estimat-
ing the mass of Ds(|(S D)′1〉H) in the range of (2.72 ∼ 2.88)
GeV, the total width is Γ ≃ (120 ± 10) MeV [8]. The pre-
dicted width for the Ds(|(S D)′1〉H) is not very broad. This
state might be observed in the DK channel. It is interest-
ingly found that the LHCb Collaboration has observed a new
resonance Ds1(2860) with a width of Γ = (159 ± 122) MeV
very recently [52, 53]. Their analysis shows that the spin-
parity should be JP = 1−. This newly observed resonance
Ds1(2860) can be favorably assigned as the physical partners
of the Ds1(2700), i.e., Ds(|(S D)′1〉H), predicted in our previous
work [8].
If both D(2600) and Ds1(2700) indeed correspond to the
mixed state |(S D)1〉L, the 23S 1-13D1 mixing might be a com-
mon character in the heavy-light mesons. The future search
for these missing mixing states |(S D)1〉L and |(S D)′1〉H in the
heavy-light meson spectroscopy becomes interesting and im-
portant.
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FIG. 2: The partial decay width and total decay width for the mixed states via 23S 1-13D1 mixing in the B- and Bs-meson families as functions
of the mass. The mixing angle is fixed with φ = −40◦. In the figure, we have hidden some decay channels because of their small partial decay
widths.
Firstly, we consider the 23S 1-13D1 mixing in the B-meson
family. According to the theoretical calculations of the B-
meson spectroscopy, the mass of the low-mass state |(S D)1〉L
is M ∼ 5.9 GeV [39, 40]. Thus, we set the mass of the low-
mass mixed state |(S D)1〉L with M = 5.9 GeV, and plot its
partial decay widths and total decay width as functions of the
mixing angle φ in Fig. 1. Theoretically, the mixing angle φ
between 23S 1 and 13D1 in the D-, Ds-, B- and Bs-meson fam-
ilies should be the same in the heavy quark symmetry limit.
Combining our previous analysis of the strong decay proper-
ties of the D(2600) and Ds1(2700) [8, 9], the mixing angle
might be φ ≃ −(45 ± 16)◦. From Fig. 1, it is seen that the
mixed state B(|(S D)1〉L) has a width of Γ ≃ (150 ± 50) MeV.
Its decays are dominated by the Bπ and B∗π; the partial width
ratio between Bπ and B∗π is
Γ[Bπ]
Γ[B∗π] ≃ 1.0 ± 0.3. (10)
For the high-mass mixed state B(|(S D)′1〉H), we take its mass
with M = 6.0 GeV, and plot its partial decay widths and total
decay width as functions of the mixing angle φ in Fig. 1 as
well, where we can see that this resonance is a broad state
with a width of Γ = (310±90) MeV. It decays mainly through
the Bπ and B1(5721)π channels.
Finally, we study the 23S 1-13D1 mixing in the Bs-meson
family. According to the theoretical predictions in various
models, the masses for the mixed states |(S D)1〉L and |(S D)′1〉H
are around 6.0 and 6.1 GeV, respectively [39, 40]. With these
predicted masses, we plot the partial decay widths and to-
tal decay widths for the mixed states |(S D)1〉L and |(S D)′1〉H
as functions of the mixing angle φ in Fig. 1, respectively.
Adopting the mixing angle φ ≃ −(45 ± 16)◦, from Fig. 1
we see that the low-mass state |(S D)1〉L might have a width
of Γ = (130 ± 50) MeV. Its strong decays are dominated by
the BK and B∗K channels. The high-mass state |(S D)′1〉H is
a slightly broader state with a width of Γ = (140 ± 60) MeV.
The decay widths for the |(S D)1〉L and |(S D)′1〉H are sensitive
to the mixing angle.
The predicted masses of these mixed states |(S D)1〉L and
|(S D)′1〉H in B- and Bs-meson spectroscopy have a large uncer-
tainty, which may bring uncertainties to the predicted decay
widths. To investigate this effect, we plot the decay width as a
function of the mass in Fig. 2 with the mixing angle φ = −40◦.
It shows that there is an uncertainty of about (50 ∼ 200) MeV
in the total decay width for the uncertainties of the mass. The
sensitivity of different decay modes to the mass can also be
seen clearly in the plot.
In summary, configuration mixing might exist between
23S 1 and 13D1 according to our model prediction. The decay
properties are sensitive to the mixing angle. As flavor part-
ners of the D(2600) and Ds1(2700), the low-mass mixed states
B(|(S D)1〉L) and Bs(|(S D)1〉L) have a relatively narrow width
and are most likely to be observed in future experiments. In
the high-mass mixed states, the widths of charmed-strange
state Ds(|(S D)′1〉H) and bottom-strange state Bs(|(S D)′1〉H) are
as comparable as those of the low-mass mixed states, which
are possibly to be found in experiments as well, while the bot-
tom state B(|(S D)′1〉H) is a broad state, which might be hard
6to find in experiments. However, it should be pointed out that
in some Refs. [10, 11, 18–20], one believes that configuration
mixing might be weak between 23S 1 and 13D1. Within their
models, the strong decay properties of the D(2600) and/or
Ds1(2700) can be well explained by taking them as a pure
23S 1 state. To uncover the puzzles in the 23S 1 and 13D1 states,
more accurate measurements for the D(2600) and Ds1(2700)
as well as a further search for the missing resonances with
JP = 1− in the heavy-light meson spectroscopy in experiment
is needed.
C. The 11D2-13D2 mixing
The D(2750) is a new excitation observed by BABAR Col-
laboration in the Dπ channel with a narrow width of Γ ≃
71 ± 17 MeV [1]. This state might correspond to the D(2740)
observed by the LHCb Collaboration in the same channel re-
cently [2]. Their helicity analysis indicates that this state
should have an unnatural parity, i.e., JP = 0−, 1+, 2−, ···. In our
previous work [9], the new resonance D(2750) was discussed
carefully. We concluded that the spin and parity numbers of
the D(2750) might be JP = 2−, this state is most likely to be
the high-mass mixed state |1D′2〉H via the 1
1D2-13D2 mixing:
 |1D2〉L
|1D′2〉H
 =
 cos φ1D sin φ1D
− sinφ1D cos φ1D

 |11D2〉
|13D2〉
 , (11)
with a mixing angle φ1D = −(51 ± 18)◦. The mixing angle
is consistent with that (φ1D = −50.8◦) obtained in the heavy
quark symmetry limit [27]. Our predictions are in compatible
with the recent analysis in Ref. [10]. It should be mentioned
that with the mixing angle φ1D = −50.8◦, the low-mass state
|1D2〉L and high-mass state |1D′2〉H will correspond to a broad
state and a narrow state, respectively [27, 29].
The strong decay properties of the low-mass state
D(|1D2〉L) have been studied in [9] as well. The mass of
D(|1D2〉L) is likely to be ∼ 2.7 GeV. This state is a broad state
with a width of Γ ≃ (250 ∼ 500) MeV, and its strong de-
cays are dominated by the D∗π and D2(2460)π channels. The
D(|1D2〉L) might be hard to observe in experiments because of
its broad width.
In our previous study [8], we also found that the 11D2-13D2
mixing might be crucial to uncovering the longstanding puz-
zles in the DsJ(2860). Many people believe that the DsJ(2860)
might be the 13D3 state. However, considering the DsJ(2860)
as the 13D3 state only, one can not understand the important
partial width ratio of Γ(DK)/Γ(D∗K) measured by BABAR [5]
at all. Considering there are two Ds states with masses around
2.86 GeV, one resonance corresponds to the 13D3 [denoted by
DsJ1(2860)] and the other resonance is the mixed state |1D2〉H
[denoted by DsJ2 (2860)] via the 11D2-13D2 mixing with the
same mixing angle, we can explain the present strong de-
cay properties of the DsJ(2860) observed in experiments nat-
urally [8]. Our conclusion is compatible with the recent theo-
retical analysis in Ref. [11].
If the DsJ2(2860) could be assigned as the high-mass state
|1D′2〉H indeed, its low-mass partner |1D2〉L might be observed
in experiments as well. The mass of low-mass partner |1D2〉L
is estimated to be 30 ∼ 50 MeV lighter than that of the high-
mass state [39, 40, 44]. Thus, the mass of |1D2〉L might be
in the range of (2.80 ∼ 2.83) GeV. Its strong decay proper-
ties have been analyzed in our previous work [9]. It is found
|1D2〉L is a broad state with a width of Γ ≃ (260 ± 30) MeV.
The strong decays are dominated by the D∗K channel.
It should be emphasized that if both D(2750) and
DsJ2(2860) indeed correspond to the mixed state |1D′2〉H , the
11D2-13D2 mixing might exist in the B- and Bs-meson spec-
troscopy as well. To provide useful clues for the future ex-
perimental search for these mixed states |1D′2〉H and |1D2〉L in
B- and Bs-meson spectroscopy, we study their strong decay
properties in the following.
Firstly, we study the 11D2-13D2 mixing in the B-meson
family. According to the predictions in Refs. [39, 40, 44],
the mass of the high-mass mixed state |1D′2〉H is in the range
of (6.04 ∼ 6.12) GeV. However, we find the masses of the
|1D′2〉H resonances might be systemically overestimated by
∼ 100 MeV in theory, if the D(2750) and DsJ2 (2860) corre-
spond to the mixed state |1D′2〉H . Thus, the mass of the |1D′2〉H
in the B-meson family might be M ≃ (5.94 ∼ 6.02) GeV.
Taking the mass of B(|1D′2〉H) with M = 5.98 GeV, we plot
the partial decay widths and total decay width as functions of
the mixing angle φ1D in Fig. 3. It is shown that the decay width
of the high-mass state |1D′2〉H is about Γ ≃ (40 ∼ 90) MeV,
when we take the mixing angle with φ1D = (−51 ± 18)◦. The
main decay channels are B∗π and B2(5747)π. The predicted
branching ratio is
Γ[B∗π]
Γtotal
≃ 70% ∼ 93%. (12)
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FIG. 3: The partial decay width and total decay width for the mixed states via 11D2-13D2 mixing in the B- and Bs-meson families as functions of
the mixing angle φ1D. The shaded region corresponds to possible mixing angle region derived from the strong decay properties of the D(2750).
The masses of the low-mass mixed states |1D2〉L in the B- and Bs-meson families are adopted as 5.95 GeV and 6.05 GeV, respectively. The
masses of the high-mass mixed states |1D′2〉H in the B- and Bs-meson families are adopted as 5.98 GeV and 6.08 GeV, respectively. In the
figure, we have hidden some decay channels because of their small partial decay widths.
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The partial widths for the B(13P0)π, B(1P1)π, B(1P′1)π, B∗η
and B∗sK channels are tiny and are not shown in the figure.
Such a narrow state, B(|1D′2〉H), is most likely to be observed
in the B∗π channel.
For the low-mass mixed state |1D2〉L, its mass might be
(20 ∼ 50) MeV lighter than that of the |1D2〉H [39, 40, 44].
Thus, the mass of |1D2〉L might be in the range M = (5.9 ∼
6.0) GeV. The dependence of the strong decay width of the
|1D2〉L on the mass is shown in Fig. 4 as well. From the fig-
ure, we can see that the low-mass state B(|1D2〉L) is a very
broad state with a width of Γ ≃ (400± 20) MeV. Its strong de-
cays are governed by the B∗π and B2(5747)π channels. This
broad state might be hard to observe in experiments.
Secondly, we study the 11D2-13D2 mixing in the Bs-meson
family. According to the theoretical predictions, the mass gap
between the Bs resonances and the B resonances is about 100
MeV [39, 40, 44]. Thus, the high-mass state Bs(|1D′2〉H) might
have a mass of M ≃ (6.04 ∼ 6.12) GeV, while the mass of the
low-mass state Bs(|1D2〉L) might be M ≃ (5.99 ∼ 6.10) GeV.
Taking the mass of the Bs(|1D′2〉H) with M = 6.08 GeV, we
plot the partial widths and total decay width as functions of the
mixing angle in Fig. 3. Adopting the physical mixing angle
φ1D = (−51 ± 18)◦ determined before, we find the Bs(|1D′2〉H)
is a fairly narrow state with a width of Γ ≃ (13 ∼ 50) MeV.
Its decays are dominated by the B∗K channel. The predicted
branching ratio is
Γ[B∗K]
Γtotal
≃ 100%. (13)
This narrow state is most likely to be discovered in the B∗K
channel in future experiments.
Furthermore, we analyze the strong decay properties of the
low-mass state Bs(|1D2〉L). Its partial decay widths and total
width as functions of the mixing angle are plotted in Fig. 3 as
well, where we have fixed the mass with M = 6.05 GeV. From
the figure, we find that the low-mass state Bs(|1D2〉L) has a
broad width of Γ ≃ 240 MeV, and its decays are governed by
the B∗K channel.
Finally, we study the effects of the mass uncertainties of the
mixing states |1D2〉L and |1D′2〉H in B and Bs spectroscopy on
the decay widths. To investigate this effect, we plot the decay
width as a function of the mass in Fig. 4 with the mixing
angle fixed at φ1D = −50.8◦. The sensitivity of different decay
modes to the mass can also be seen clearly in the plot.
As a whole, the high-mass mixed states B(|1D′2〉H) and
Bs(|1D′2〉H) might be narrow states, which might be observed
in the B∗π and B∗K channels, respectively. However, the low-
mass mixed state |1D2〉L should be a broad state. The typical
total decay widths for the low-mass mixed states D(|1D2〉L)
and B(|1D2〉L) are usually larger than 300 MeV, which might
be too broad to be observed in experiments. However, those
low-mass mixed states containing a strange quark, Ds(|1D2〉L)
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and Bs(|1D2〉L), have a relatively narrower width, ∼ 250 MeV,
which have some possibilities to be observed in future exper-
iments.
D. The 13D3 states
The D(2760) is a new excitation in the D-meson fam-
ily observed by BABAR in the Dπ channel with a mass of
M = 2763.3 ± 4.6 MeV and a width of Γ = 60.9 ± 8.7 MeV.
Although its mass and width are very close to those of the
D(2750), they might be two different resonances due to sev-
eral reasons, which have been explained in Ref. [9]. Recently,
this state was confirmed by the LHCb Collaboration in the Dπ
and D∗π channels, and their helicity analysis indicates that this
state should have a natural parity, i.e., JP = 0+, 1−, 2+, 3−, · · ·.
In our previous work [9], this new resonance D(2760) was
studied carefully. It is predicted that the D(2760) could be
assigned to the 13D3(JP = 3−) state. Our conclusion is con-
sistent with that in Refs. [10, 18, 23]. Taking the D(2760) as
the assignment of the 13D3, the total decay width is Γ ≃ 68
MeV, which is consistent with the data. Its strong decays are
dominated by the Dπ and D∗π channels, and the partial width
ratio is
Γ[D∗π]
Γ[Dπ] ≃ 0.65, (14)
which can be tested in future experiments.
Furthermore, in our previous work [8], we suggested there
are two largely overlapping resonances at 2.86 GeV in the Ds-
meson family. One state corresponds to the 13D3 (JP = 3−)
state [denoted by DsJ1(2860)], which dominantly decays into
the DK channel, while the other one corresponds to the mixed
state |1D′2〉H with J
P = 2− [denoted by DsJ2 (2860)], which
dominantly decays into the D∗K channel. Considering the
DsJ1(2860) as the 13D3 state, we have studied its strong decay
properties. The predicted decay width is Γ ≃ 45 MeV, which
is highly comparable with the experimental data (Γ = 58 ± 11
MeV). This state has two main decay channels DK and D∗K,
and the predicted partial width ratio is
Γ[D∗K]
Γ[DK] ≃ 0.5, (15)
which can be tested in future experiments. The present exper-
imental measurement of the ratio, Γ[D∗K]/Γ[DK] = 1.10 ±
0.15±0.19, might include the contributions of both DsJ1 (2860)
and DsJ2(2860). Thus, its value is obviously larger than the
theoretical predictions by assuming the DsJ(2860) as the 13D3
state only. If both D(2760) and DsJ1(2860) correspond to the
13D3 excitation indeed, their flavor partners in B and Bs spec-
troscopy should be observed in future experiments as well.
In the B-meson family, the predicted mass of 13D3 is
around 6.0 ∼ 6.1 GeV [33, 39, 40, 44]. Considering the
D(2760) and DsJ1 (2860) as the 13D3 assignment, their mass
is systemically overestimated by 50 ∼ 100 MeV in theory.
Thus, we estimate the mass of B(13D3) is in the range of
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FIG. 5: The partial decay widths and total decay width of the 13D3
excitations in the B- and Bs-meson families as functions of the mass.
In the figure, we have hidden some decay channels because of their
small partial decay widths.
(5.95 ∼ 6.05) GeV. We calculate the strong decay proper-
ties of B(13D3), which are shown in Fig. 5. From the figure,
it is seen that the B(13D3) is a narrow state with a width of
Γ ≃ 50 ∼ 120 MeV. Its decays are dominated by the Bπ and
B∗π channels. The partial width ratio between Bπ and B∗π is
insensitive to the mass, and its predicted value is
Γ[B∗π]
Γ[Bπ] ≃ 0.9. (16)
Recently, the CDF Collaboration claimed that they found
some evidence of a new resonance B(5970) in the Bπ chan-
nel [6]. The central value of the width is Γ ∼ 70 MeV. From
Fig. 5, it is interestingly found that the B(5970) is most likely
to be the 13D3 assignment. Considering the B(5970) as the
13D3 state, the predicted decay width is Γ ≃ 60 MeV, and
the Bπ and B∗π decay channels are its dominant decay modes.
Our predictions are in a good agreement with the observations.
Although the mass of the B(5970) is close to the estimated
masses of the mixed states B(|(S D)1〉L) and B(|1D′2〉H), they
are not good candidates for the B(5970). For the B(|(S D)1〉L),
when we set its mass with ∼ 5.97 GeV, its theoretical width
is ∼ 300 MeV, which is too large to compared with the width
of the B(5970), while for the B(|1D′2〉H), its strong decays are
governed by the B∗π, and the Bπ channel is forbidden. Thus,
it could not be assigned to the B(5970).
Finally, we study the strong decays of 13D3 in the Bs-meson
family. Usually, the mass of the Bs resonances is about 100
MeV larger than that of the B resonances [39, 40, 44]. Thus,
we estimate the mass of Bs(13D3) might be in the range of
(6.05 ∼ 6.15) GeV. We have studied the strong decay prop-
erties of Bs(13D3), which are shown in Fig. 5. It is found
that the Bs(13D3) might be a narrow state with a width of
Γ ≃ (25 ∼ 75) MeV, and its strong decays are dominated by
the BK and B∗K channels. If the B(5970) corresponds to the
B(13D3) indeed, the mass of the Bs(13D3) might be M ≃ 6.07
GeV. With this mass, the predicted width for the Bs(13D3) is
Γ ≃ 30 MeV, (17)
and the predicted ratio between BK and B∗K is
Γ[BK]
Γ[B∗K] ≃ 1.4. (18)
We hope the experimenters can carry out a search for the
Bs(13D3) in the BK and B∗K channels, which is also helpful
to clarify the nature of the newly observed state B(5970).
In brief, the D(2760), DsJ1 (2860) and B(5970) might be
classified as the low-lying D-wave excitations with JP = 3−
(i.e., 13D3). The last unobserved one in the Bs-meson family
should be a narrow state, which is most likely to be found in
the BK and B∗K channels.
E. The 23P0 states
In the D-meson family, the predicted mass for the 23P0 state
is ∼ 2.95 GeV [34, 39, 40]. For the uncertainties of the pre-
dicted mass, we vary the mass of D(23P0) in the range of
M = (2.9 ∼ 3.0) GeV, and plot the strong decay properties
in Fig. 6. From the figure it is seen that the D(23P0) might be
a very broad state with a width of Γ ≃ 600 ∼ 800 MeV. This
state dominantly decays into the D(2550)π, Dπ and D(2430)π
channels. A very broad width for the D(23P0) was also pre-
dicted in a recent study with the 3P0 model [10]. Such a broad
resonance might be difficult to observe in experiments.
Recently, the LHCb Collaboration observed a new excited
D-meson state D∗J(3000) in the Dπ channel with a rather nar-
row width, Γ ≃ 110 MeV [2]. Their further helicity anal-
ysis indicates that this new state should have a natural par-
ity, that is, the spin-parity number of the D∗J(3000) should be
JP = 0+, 1−, 2+, · · ·. In Ref. [34], Sun et al. believed that the
D∗J(3000) could be explained as the D(23P0). If we exclude
the contribution of the D(2550)π channel to the decay width,
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FIG. 6: The partial decay width and total decay widths of the 23P0 states in the heavy-light mesons as functions of the mass. In the figure, we
have hidden some decay channels because of their small partial decay widths. The mass of the B(21S 0) is adopted as M = 5886 MeV.
our results agree with the predictions in Ref. [34]. However,
including the contribution of the D(2550)π decay channel, our
calculations show that the decay width, Γ ≃ 800 MeV, is
too broad to compare with the data. Thus, the D∗J(3000) as
the D(23P0) assignment still bears controversies, although the
parity and decay modes are consistent with observations.
In the Ds-meson family, the predicted mass of the 23P0 is
about 3.05 GeV, which is ∼ 100 MeV heavier than that of
D(23P0) [39, 40]. Considering the uncertainties of the pre-
dicted mass, we plot the strong decay properties of Ds(23P0)
as functions of the mass in Fig. 6. It is shown that if the mass
of Ds(23P0) is less than 3.05 GeV, the Ds(23P0) has a moder-
ate width of Γ ≃ 150 ∼ 200 MeV, and its strong decays are
governed by the DK channel. In this case, the Ds(23P0) is
most likely to be observed in the DK channel. On the other
hand, if the mass of Ds(23P0) is larger than 3.05 GeV, the de-
cay channel D(2550)K will be opened, which dominates the
strong decays. Then, the Ds(23P0) might be a broad state with
a width of Γ ≃ 400 ∼ 800 MeV. In this case, the Ds(23P0)
might be too broad to observe in experiments.
In the B-meson family, the predicted mass of the 23P0 is
about 6.2 GeV [33, 39, 40]. To know about the decay prop-
erties of the B(23P0), in Fig. 6 we plot its decay width as a
function of mass in the range of M = (6.1 ∼ 6.25) GeV. From
the figure it is seen that the B(23P0) might be a broad state
with a width of Γ ≃ 400 ∼ 800 MeV. This state dominantly
decays into the B(13P0)π, Bπ, and B(1P1)π channels. Such a
broad resonance might be difficult to observe in experiments.
In the Bs-meson family, the predicted mass of the 23P0 is
about M ≃ 6.3 GeV [33, 39, 40]. To know about the decay
properties of the Bs(23P0), in Fig. 6 we plot its decay width
as a function of mass in the range of M = (6.2 ∼ 6.35) GeV.
From the figure it is seen that the decay width of Bs(23P0) is
Γ ≃ 240 MeV with M ≃ 6.27 GeV, which is much narrower
than that of B(23P0). The strong decays of Bs(23P0) are gov-
erned by the BK channel. The other decay modes B(1P1)K
and B(1P′1)K also contribute to the decays obviously, if the
mass of Bs(23P0) is larger than 6.25 GeV. Since the predicted
width of Bs(23P0) is not very broad, this resonance might be
observed in the BK channel in future experiments.
As a whole, in the 23P0 states, the widths of D(23P0) and
B(23P0) might be too broad to observe in experiments. How-
ever, the widths of the resonances Ds(23P0) and Bs(23P0) are
relatively narrower, thus, they might be observed in the DK
and BK channels, respectively.
F. The 21P1-23P1 mixing
The DsJ(3040) is a new broad state in the Ds-meson family
observed by BABAR in the D∗K channel [5]. It has a mass of
M = 3044 ± 8+30
−5 MeV and a broad width of Γ = 239 ± 35
+46
−42
MeV. According to our previous study [8], the DsJ(3040) can
be naturally explained as the low-mass mixed state |2P1〉L via
11
the 21P1-23P1 mixing: |2P1〉L
|2P′1〉H
 =
 cosφ2P sin φ2P
− sinφ2P cos φ2P

 |21P1〉
|23P1〉
 , (19)
with a mixing angle φ2P ≃ −(51 ± 27)◦. This mixing angle
is consistent with that (φ2P = −54.7◦) derived in the heavy
quark symmetry limit [27]. It should be mentioned that with
the mixing angle φ2P = −54.7◦, the low-mass state |2P1〉L usu-
ally has a broad width, while the high-mass state |2P′1〉H has
a narrower width [27, 29]. As a broad mixed state, the strong
decays of the DsJ(3040) are dominated by the D∗K channel.
The partial widths of D0(2400)K, D1(2430)K, and D2(2460)K
are sizable as well. Our conclusion is consistent with that ob-
tained in Refs. [16, 21, 40].
As the physical partner of |2P1〉L, the high-mass state
|2P′1〉H might be observed in experiments. Assuming the
mass of the |2P′1〉H is in the range of (3.04 ∼ 3.2) GeV, its
strong decay properties have been analyzed in our previous
work [8]. The decay width of |2P′1〉H is narrower than that of
the DsJ(3040), which increases fast with the increasing mass.
The main decay channels might be D0(2400)K, D1(2430)K
and DK∗.
If the DsJ(3040) could indeed be assigned as a mixed state
via the 21P1-23P1 mixing, the other mixed states between
21P1 and 23P1 in the D-, B- and Bs-meson spectroscopy might
be found in future experiments.
Firstly, we study the mixed states of 21P1-23P1 in the D-
meson family. According to the predictions in Refs. [39, 40,
44], the mass of the low-mass state D(|2P1〉L) might be in
the range of (2.9 ∼ 3.0) GeV, while the mass of the high-
mass state D(|2P′1〉H) might be in the range of (3.0 ∼ 3.1)
GeV. Adopting the mixing angle φ2P = −54.7◦ predicted in
the heavy quark symmetry limit, we have plotted their partial
decay widths and total decay width as functions of the mass
in Fig. 7. From the figure, it is seen that the low-mass state
D(|2P1〉L) is a broad state with a width of Γ ≃ (370±90) MeV,
its strong decays are dominated by the D∗π and D(2600)π
channels, and the partial decay widths of the D0(2400)π,
D1(2430)π and D∗sK channels are sizable as well.
Although the high-mass state D(|2P′1〉H) has a relatively
narrower width than the low-mass state D(|2P1〉L), the
D(|2P′1〉H) is also a very broad state with a width of Γ ≃ (300±
90) MeV when we adopt its mass in the range of (3.0 ∼ 3.1)
GeV. Its strong decays are governed by the D(2600)π chan-
nel. The other channels Dρ, D0(2400)π, Ds0(2317)K and
D1(2430)π also have sizable contributions to the decays.
Recently, a new resonance DJ(3000) was observed by the
LHCb. Its measured mass and width are M ≃ 2972 MeV and
Γ ≃ 188 ± 45 MeV, respectively. Furthermore, the helicity
analysis from LHCb indicates that this state has an unnatural
parity, that is, its spin-parity should be JP = 0−, 1+, 2−, ···. Ac-
cording to the observed mass, the observed D∗π decay mode
and possible JP numbers of the DJ(3000), we predict that the
DJ(3000) might be a good candidate for the low-mass state
D(|2P1〉L). As the D(|2P1〉L) candidate with the mixing an-
gle φ2P = −54.7◦ derived in the heavy quark symmetry limit,
the DJ(3000) might have a broad width of Γ ≃ 360 MeV
(see Fig. 7), which is about a factor 2 larger than the data
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from the strong decay properties of the DsJ (3040), while the right
shaded band corresponds to the mixing angle region derived from
the strong decay properties of the DJ(3000). In the figure, we have
hidden some decay channels for their small partial decay widths.
(Γ ≃ 188 ± 45 MeV). The predicted partial decay width ratio
of the main two decay channels D∗π and D(2600)π is
Γ[D∗π]
Γ[D(2600)π] ≃ 0.7. (20)
However, we have noticed that the mixing angle φ2P deter-
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mined by the strong decay properties of the DsJ(3040) bares
a large uncertainty. Taking the DJ(3000) as a candidate of
the D(|2P1〉L) state, we have plotted the partial widths and
total decay width as functions of the mixing angle φ2P in
Fig. 8. From the figure, it is found that the decay width is
very sensitive to the mixing angle. If we adopt a mixing
angle in the range of φ2P = −(3 ∼ 26)◦, the decay width
of the DJ(3000) can be explained. The mixing angle for
DJ(3000) has an overlap with that for the DsJ(3040) in the
range of φ2P = −(20 ∼ 26)◦. It is found that the mixing angle
φ2P = −(20 ∼ 26)◦ obtained in present work is close to the
mixing angle φ2P = −30.4◦ suggested in [11].
If both DsJ(3040) and DJ(3000) can be assigned as the
mixed state |2P1〉L, they should share nearly the same mix-
ing angle. Taking the same mixing angle we predict that the
width of the DJ(3000) should be a little larger than that of the
DsJ(3040) for the larger decay phase space and more decay
channels of the DJ(3000).
Recently, the strong decay properties of the DJ(3000) were
studied in Ref. [34] as well. Considering the DJ(3000) as the
D(|2P1〉L) with the mixing angle φ2P = −54.7◦, they could
well explain the measured width of the DJ(3000). However, it
should be pointed out that they did not include the D(2600)π
decay mode in their calculations. Excluding the D(2600)π,
our prediction is in agreement with that in Ref. [34]. To un-
derstand the nature of the DJ(3000), more observations are
needed in future experiments.
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FIG. 9: The decay width of the mixed states via the 21P1-23P1 mixing in the B- and Bs-meson families as a function of the mass. Here,
the mixing angle φ2P = −54.7◦ is adopted. The B(5920) stands for the mixed state B(|(S D)1〉L)π. In the figure, we have hidden some decay
channels because of their small partial decay widths.
In the B-meson family, the predicted mass for the low-mass
state B(|2P1〉L) is M ≃ 6.2 GeV [39, 40, 44], the mass of the
high-mass state B(|2P′1〉H) is about (20 ∼ 80) MeV heavier
than that of the low-mass state. Considering the uncertainty
of the predicted masses for these states, in Fig. 9 we plot
the partial decay widths and total decay width of B(|2P1〉L)
and B(|2P′1〉H) as functions of the mass in the possible range,
where we adopt the mixing angle φ2P = −54.7◦ derived in
the heavy quark symmetry limit. From the figure, we find
that the low-mass state B(|2P1〉L) is a broad state with a width
of Γ ≃ (450 ± 150) MeV. The B∗π decay mode governs its
strong decays, while the other decay channels B(|(S D)1〉L)π,
B(1P1)π, B(13P2)π, B∗sK, B(13P0)π and B∗η also have sizable
partial decay widths.
The width of the high-mass state B(|2P′1〉H), Γ ≃ (50 ∼
450) MeV, is much narrower than that of the low-mass
state B(|2P1〉L). The B(|2P′1〉H) dominantly decays into
B(|(S D)1〉L)π, B(13P0)π, B(1P1)π and B(13P2)π. It might be
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a challenge to observe the B(|2P′1〉H) in these final states with
higher excitations of the B meson.
Since the DsJ(3040) as a broad state has been observed
in experiments, the broad resonance B(|2P1〉L) might be ob-
served in the B∗π as well. To further know about the effects
of the uncertainties of the mixing angle on the strong decays
of B(|2P1〉L), we have plotted the partial widths and total de-
cay width of B(|2P1〉L) as functions of the mixing angle φ2P
in Fig. 10, where we have fixed the mass of B(|2P1〉L) with
M = 6175 MeV predicted in [39]. From the figure, it is
seen that even the mixing angle φ2P varies in a large range
φ2P ≃ −20◦ ∼ −80◦, the strong decays of B(|2P1〉L) are still
dominated by the B∗π channel, and the uncertainty of the de-
cay width is no more than 60 MeV.
In the Bs-meson family, the predicted mass for the low-
mass state Bs(|2P1〉L) is M ≃ (6.28 ∼ 6.32) GeV [39, 40, 44],
the mass of the high-mass state Bs(|2P′1〉H) is about (20 ∼ 30)
MeV heavier than that of the low-mass state.
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of the mixing angle φ2P. The shaded region corresponds to the possible mixing angle region derived from the strong decay properties of the
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We have plotted the partial decay widths and total decay
width of Bs(|2P1〉L) and Bs(|2P′1〉H) as functions of the mass
with the mixing angle φ2P = −54.7◦ in Fig. 9. From the fig-
ure, we find that the low-mass state Bs(|2P1〉L) has a broad
width of Γ ≃ (220 ± 70) MeV within the predicted mass re-
gion M ≃ (6.28 ∼ 6.32) GeV. The B∗K decay channel governs
its strong decays, while the other decay channels B(1P1)K,
B(13P2)K, B(13P0)K also have sizable partial decay widths.
The width of the high-mass state Bs(|2P′1〉H) is Γ ≃ (95 ± 33)
MeV within the possible mass region M ≃ (6.30 ∼ 6.35)
GeV, which is much narrower than that of Bs(|2P1〉L). The
Bs(|2P′1〉H) dominantly decays into the B(13P0)K, B(1P1)K,
and BK∗ channels. Although the Bs(|2P′1〉H) has a relatively
narrow width, it might be a great challenge to observe this
resonance in these final states with higher Bs resonances.
The decay width of Bs(|2P1〉L) is comparable with that of
the DsJ(3040). Thus, the Bs(|2P1〉L) is most likely to be ob-
served in the B∗K channel. To further know about the effects
of the uncertainties of the mixing angle on the strong decays
of Bs(|2P1〉L), we have plotted the partial widths and total de-
cay width of Bs(|2P1〉L) as functions of the mixing angle φ2P
in Fig. 10, where we have fixed the mass of Bs(|2P1〉L) with
M = 6275 MeV. From the figure, it is seen that even the mix-
ing angle φ2P is changed in a large range φ2P ≃ −20◦ ∼ −80◦,
the strong decays of Bs(|2P1〉L) are still dominated by the B∗K
channel, and the uncertainty of the decay width is no more
14
than 50 MeV.
In summary, the strong decay properties of both DsJ(3040)
and DJ(3000) can be explained by assigning them as the low-
mass mixed state |2P1〉L via the 21P1-23P1 with a mixing an-
gle in the range of φ2P = −(20 ∼ 26)◦. The mixed state
Bs(|2P1〉L) is a narrow state, which is most likely to be ob-
served in the B∗K channel. The mixed state B(|2P1〉L) might
have a broad width; thus, its discovery potentials might be
small. The high-mass mixed states D(|2P′1〉H), Ds(|2P′1〉H),
B(|2P′1〉H), and Bs(|2P′1〉H) are usually narrower than those of
low-mass states. These states dominantly decay into the first
P-wave states by emitting a light pseudoscalar meson. Obser-
vations in the final states containing a low-lying P-wave state
are expected to be carried out in future experiments.
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FIG. 11: The partial decay width and total decay widths of the 23P2 states in the heavy-light mesons as functions of the mass. In the figure,
we have hidden some decay channels because of their small partial decay widths. The mass of the B(13D3) is adopted as M = 5970 MeV.
G. The 23P2 states
In the D-meson family, the predicted mass of the 23P2 is
about 3.02 GeV [33, 39, 40]. To know about the decay prop-
erties of the D(23P2), in Fig. 11 we plot its decay width as
a function of mass in the range of M = (2.95 ∼ 3.05) GeV.
From the figure, it is found that the D(23P2) mainly decays
into the D1(2430)π, D(2550)π and D(2600)π channels. The
predicted total decay width of D(23P2) is Γ ≃ 150 MeV, if we
adopt the mass ∼ 3.01 GeV as predicted in Ref. [40].
Considering the newly observed state D∗J(3000) as a can-
didate of D(23P2), we find that the observed mass, width
(Γ ≃ 110 MeV) and natural parity of the D∗J(3000) [2] can
be well explained. However, the Dπ decay channel is not the
main decay channel of D(23P2), which is tiny compared with
the dominant decay mode D1(2430)π. The predicted branch-
ing fraction is
Γ[Dπ]
Γtotal
≃ 1 ∼ 2%, (21)
which is compatible with the predictions in Refs. [10, 34]. To
clarify the nature of the D∗J(3000), it is suggested to further
observe this state in the D1(2430)π channel. If the D∗J(3000)
corresponds to the D(23P2) state, it should be found in the
D1(2430)π channel as well.
In the Ds-meson family, the predicted mass of the 23P2 is
about 3.15 GeV [33, 39, 40]. To know about the decay prop-
erties of the Ds(23P2), in Fig. 11 we plot its decay width as a
function of mass in the range of M = (3.1 ∼ 3.2) GeV. From
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the figure, it is found that the Ds(23P2) mainly decays into
the D1(2430)K channel. The total decay width of Ds(23P2) is
Γ ≃ 120 ± 60 MeV. This resonance might be observed in the
D1(2430)K final states.
In the B-meson family, the predicted mass of the 23P2 is
about 6.19 ∼ 6.26 GeV [39, 40]. In Fig. 11, we have plotted
its decay width as a function of mass in the range of M =
(6.15 ∼ 6.3) GeV. From the figure it is found that the total
decay width of B(23P2) is Γ ≃ (50 ∼ 300) MeV. The B(23P2)
mainly decays into the B1(5721)π channel.
In the Bs-meson family, the predicted mass of the 23P2 is
about 6.29 ∼ 6.36 GeV [33, 39, 40]. The decay properties of
the B(23P2) have been shown in Fig. 11. From the figure, it is
found that the Bs(23P2) mainly decays into B1(5721)K. The
total decay width of Bs(23P2) is Γ ≃ (30 ∼ 180) MeV. This
state might be observed in the B1(5721)K channel.
In a brief, the decay widths of the 23P2 excitations in the
heavy-light spectroscopy are not very broad, they have good
potentials to be observed in their dominant decay channels.
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FIG. 12: The partial decay width and total decay widths of the 13F2 states in the heavy-light mesons as functions of the mass. In the figure,
we have hidden some decay channels because of their small partial decay widths. The mass of the B(1D′2) is adopted as M = 6025 MeV.
H. The 13F2 states
In the D-meson family, the predicted mass for the 13F2 state
is ∼ 3.1 GeV [33, 39, 40]. Considering the uncertainties of
the mass, in Fig. 12 we plot the partial decay widths and total
width as functions of mass in the range of M = (3.05 ∼ 3.15)
GeV. It is found that the 13F2 state in the D-meson family
is a very broad state with a width of Γ ≃ 900 ± 200 MeV.
This state dominantly decays into the D(2420)π, D(2750)π
and Dπ channels. The partial widths for the Ds(2460)π, D∗π
and D(2760)π are also sizable.
In the Ds-meson family, the predicted mass for the 13F2
state is ∼ 3.23 GeV [33, 39, 40]. Considering the uncer-
tainties of the mass, we vary the mass in the range of M =
(3.15 ∼ 3.30) GeV, the strong decay properties of the 13F2
state have been shown in Fig. 12 as well. From the figure it
is seen that the decay width of the Ds(13F2) state is Γ ∼ 500
MeV. The main decay channels are D(2420)K, DK and D∗K.
If the D(2750)K channel is opened, the D(2750)K mode will
dominate the decays, the decay width of the Ds(13F2) state
will become very broad with a width of Γ > 700 MeV.
In the B-meson family, the predicted mass for the 13F2 state
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is 6.26 ∼ 6.41 GeV [33, 39, 40]. In this mass region, we show
the strong decay properties of the B(13F2) state in Fig. 12. It
is found that this state is also a very broad state with a width
of Γ ≃ 1200 ± 400 MeV. It mainly decays into the B(1P1)π,
B(1D′2)π, Bπ and B∗π channels.
In the Bs-meson family, the predicted mass for the 13F2
state is 6.37 ∼ 6.50 GeV [39, 40]. In this mass region, we
study the strong decays of the Bs(13F2) state, our results are
shown in Fig. 12 as well. It is seen that this state is a very
broad state with a width of Γ ≃ 400 ∼ 900 MeV. The strong
decays are governed by the B(1P1)K. The other main decay
channels are BK, B∗K and B(13P2)K.
As a whole, the 13F2 excitations in the heavy-light mesons
are very broad resonances, whose width is larger than 400
MeV. Such broad states might be difficult to observe in exper-
iments, which might explain why these states are still missing
in the heavy-light meson spectroscopy.
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FIG. 13: The partial decay width and total decay width for the mixed states via the 11F3-13F3 mixing as functions of the mass. The mixing
angle is adopted as φ1F = −49.1◦. In the figure, we have hidden some decay channels because of their small partial decay widths.
I. The 13F3-13F3 mixing
Since the heavy-light mesons are not charge conjugation
eigenstates, state mixing between spin S = 0 and S = 1
states with the same JP can occur via the spin-orbit interac-
17
tions [27, 29, 45]. The physical states with JP = 3+ can then
be described as
 |1F3〉L
|1F′3〉H
 =
 cos φ1F sin φ1F
− sinφ1F cos φ1F

 |11F3〉
|13F3〉
 , (22)
where the subscriptions L and H stand for the low mass and
high mass of the physical states after the mixing. In the heavy
quark symmetry limit, the mixing angle φ1F is predicted to
be φ1F ≃ −49.1◦ [40]. It should be mentioned that with the
mixing angle φ1F ≃ −49.1◦, the low-mass state |1F3〉L usu-
ally has a broad width, while the high-mass state |1F′3〉H has a
narrower width.
In the D-meson family, the predicted masses for the mixed
states |1F3〉L and |1F3〉H are about 3.07 ∼ 3.13 GeV and
3.12 ∼ 3.15 GeV, respectively [39, 40]. With the mixing an-
gle φ1F ≃ −49.1◦ derived in the heavy quark symmetry limit,
we predicted the strong decay properties of the mixed states
D(|1F3〉L) and D(|1F′3〉H) in their possible mass region. The
results are shown in Fig. 13. It is found that the D(|1F3〉L) is
a very broad state with a width of Γ ≃ 600 ∼ 900 MeV. Its
strong decays are dominated by the D(2760)π, D(2460)π and
D∗π channels. The width of the D(|1F′3〉H) is Γ ≃ 200 ∼ 300
MeV, which is much narrower than that of the low-mass state.
The D(|1F′3〉H) mainly decays into the D(2460)π, D∗π, Dρ,
D(2420)π and D(2750)π channels.
In the Ds-meson family, the predicted masses for the mixed
states |1F3〉L and |1F′3〉H are about 3.20 ∼ 3.26 GeV and
3.25 ∼ 3.27 GeV, respectively [39, 40]. The strong decay
properties of these mixed states are also studied in their pos-
sible mass region. Our predictions are shown in Fig. 13. It is
seen that the width of the low-mass mixed state Ds(|1F3〉L) is
very broad, which is in the range of Γ ≃ 400 ∼ 800 MeV. Its
strong decays are governed by the D(2460)K and D∗K chan-
nels. The high-mass state Ds(|1F′3〉H) has a much narrower
decay width, i.e., Γ ≃ 100 ∼ 250 MeV. This high-mass state
dominantly decays into the D(2460)K, D∗K, and DK∗ chan-
nels.
In the B-meson family, the predicted masses for the mixed
states |1F3〉L and |1F′3〉H are about 6.22 ∼ 6.39 GeV and
6.27 ∼ 6.42 GeV, respectively [39, 40]. In the possible mass
region, we study the strong decay properties of these mixed
states in the B-meson family. The results are shown in Fig. 13.
It is found that the low-mass mixed state B(|1F3〉L) is a very
broad state with a width of Γ ≃ 650 ∼ 1400 MeV. This
state dominantly decays into the B2(5747)π, B(13D3)π, and
B∗π channels. While for the B(|1F′3〉H), the decay width is
Γ ≃ 200 ∼ 650 MeV, which is sensitive to the mass. If the
B(|1F′3〉H) state has a smaller mass as predicted in Ref. [39],
it might be observed in its main decay channels B∗π and
B2(5747)π.
In the Bs-meson family, the predicted masses for the mixed
states |1F3〉L and |1F′3〉H are about 6.33 ∼ 6.47 GeV and
6.38 ∼ 6.52 GeV, respectively [39, 40]. Considering the un-
certainties of the mass, we have plotted the strong decay prop-
erties of these mixed states as functions of the mass in Fig. 13.
From the figure, it is seen that the |1F3〉L state in the Bs-meson
family has a width of Γ ≃ 200 ∼ 700 MeV, whose strong de-
cays are dominated by the B2(5747)K and B∗K channels. The
high-mass state |1F3〉H has a relatively smaller width, which
is Γ ≃ 100 ∼ 500 MeV. Its strong decays are governed by
the B∗K, BK∗, and B2(5747)K channels. These mixed states
|1F3〉L and |1F′3〉H in the Bs-meson family might be observed
in the B∗K channel, if they have a smaller mass as predicted
in Ref. [39].
In the calculations we have adopted the ideal mixing an-
gle φ1F ≃ −49.1◦ extracted from the heavy quark symmetry
limit. This ideal mixing angle might have some uncertainties.
To see the effects of the uncertainties of the mixing angle on
the strong decay properties, we have plotted the partial decay
widths and total decay width as functions of the mixing an-
gle in Fig. 14. From the figure, it is seen that strong decay
properties of the mixed states do not change obviously, if we
consider an uncertainty ±20◦ around the ideal mixing angle
φ1F ≃ −49.1◦.
In summary, the mixed states |1F3〉L in the heavy-light
mesons are usually broad states, they should be difficult to
find in experiments. The decay width of the high-mass mixed
states |1F′3〉H is relatively narrower than that of the low-mass
states. These high-mass states |1F′3〉H might be observed in
future experiments if they have a smaller mass as predicted in
Ref. [39]. However, these high-mass states |1F′3〉H might be
very broad states if their masses are as large as those predicted
in Ref. [40].
J. The 13F4 states
In the D-meson family, the predicted mass for the 13F4 state
is 3.09 ∼ 3.19 GeV [33, 39, 40]. In this mass region, the
predicted strong properties are shown in Fig. 15. The width of
the D(13F4) state is Γ ≃ 230 ± 70 MeV. It dominantly decays
into the D∗ρ, Dπ, D(2430)π, D(2460)π, D∗π and D(2760)π
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FIG. 14: The partial decay width and total decay width for the mixed states via the 11F3-13F3 mixing as functions of the mixing angle. The
masses for the low-mass mixed states D(|1F3〉L), Ds(|1F3〉L), B(|1F3〉L) and Bs(|1F3〉L) are adopted as 3100, 3230, 6305, and 6400 MeV,
respectively. The masses for the high-mass mixed states D(|1F′3〉H), Ds(|1F′3〉H), B(|1F′3〉H) and Bs(|1F′3〉H) are adopted as 3130, 3260, 6335,
and 6450 MeV, respectively. In the figure, we have hidden some decay channels for their small partial decay widths.
channels. The branching ratios for D∗π and Dπ are 10% and
11%, respectively.
We find that if taking the newly observed natural parity res-
onance D∗J(3000) as a candidate of the D(13F4), the strong
decay properties of D∗J(3000) could be well explained (see
Tab. IV). However, the predicted mass is about 100 ∼ 200
MeV larger than the data. If the D∗J(3000) corresponds to the
D(13F4) state indeed, it should be observed in both Dπ and
D∗π channels. To clarify the puzzles in the D∗J(3000), more
observations are needed.
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FIG. 15: The partial decay width and total decay width for the 13F4 excitations as functions of the mass. In the figure, we have hidden some
decay channels because of their small partial decay widths.
TABLE IV: The strong partial decay widths (MeV) and total width (MeV) of D∗(3000) as a candidate of D(13F4).
Mode Dπ D∗π D(2420)π D(2430)π D(2460)π D(2550)π D(2600)π D(2750)π D(2760)π
Width 14.9 11.0 2.3 9.2 7.0 0.9 5.9 × 10−2 4.6 11.4
Mode Dη Dη′ D∗η D∗η′ D(2420)η D(2430)η D(2460)η Ds(2460)K D∗s K
Width 1.0 3.1 × 10−2 0.5 8.9 × 10−5 5.6 × 10−4 1.0 × 10−3 8.1 × 10−12 3.6 × 10−3 0.8
Mode DsK Dω D∗ω Dρ D∗ρ DsK∗ D∗sK∗ Total
Width 2.1 9.2 × 10−6 4.5 1.6 14.5 5.9 × 10−7 6.4 × 10−4 86.4
In the Ds-meson family, the predicted mass for the 13F4
state is 3.22 ∼ 3.30 GeV [33, 39, 40]. The strong de-
cay properties are shown in Fig. 15 as well. In the possi-
ble mass region, the predicted width of the Ds(13F4) state is
Γ ≃ 200± 100 MeV. The main decay channels are D∗K∗, DK,
D∗K, D(2430)K, and D(2460)K. If the mass of the Ds(13F4)
state is larger than the threshold of D(2760)K, the D(2760)K
channel will become a dominant decay channel. The predicted
partial width ratio of DK and D∗K is
Γ[DK]
Γ[D∗K] ≃ 1.2. (23)
This state might be observed in both DK and D∗K channels.
In the B-meson family, the predicted mass for the 13F4 state
is 6.22 ∼ 6.38 GeV [33, 39, 40]. In this mass region, we study
the strong decay properties of the B(13F4) state, which are
shown in Fig. 15. From the figure, it is seen that the strong
decays of the B(13F4) state are dominated by the Bπ and B∗π,
their partial width ratio is
Γ[Bπ]
Γ[B∗π] ≃ 1.1, (24)
which is less sensitive to the mass. Furthermore, the other de-
cay channels B∗ρ, B(13D3)π, B(12P3)π and B(1P1)π also have
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obvious contributions to the strong decays. The decay width
is sensitive to the mass. In the possible mass region, the pre-
dicted width of the B(13F4) state is Γ ≃ 120 ∼ 480 MeV. If
this state has a mass of ∼ 6.2 GeV as predicted in Ref. [39],
it might be observed in future experiments. However, if the
mass is close to ∼ 6.4 GeV as predicted in Ref. [40], the
B(13F4) state might be difficult to be found for its broad width.
In the Bs-meson family, the predicted mass for the 13F4
state is 6.33 ∼ 6.48 GeV [33, 39, 40]. In this mass region, we
have shown the strong decay properties in Fig. 15. The decay
width of the Bs(13F4) is sensitive to the mass. The total decay
width is Γ ≃ 60 ∼ 400 MeV, which bares a large uncertainty.
Its strong decays are dominated by the BK, B∗K and B∗K∗
channels. The predicted partial width ratio of the BK and B∗K
is
Γ[BK]
Γ[B∗K] ≃ 1.2, (25)
which is insensitive to the mass. If this state has a smaller
mass of ∼ 6.34 GeV as predicted in Ref. [39], it should be a
narrow state with a width of Γ ≃ 80 MeV. In this case, the
Bs(13F4) might be observed in both BK and B∗K channels.
As a whole the decay widths of the 13F4 excitations in the
heavy-light mesons are sensitive to the mass. If these states
have a smaller mass as predicted in Ref. [39], they might have
relatively narrow width Γ ∼ 100 MeV. In this case, these exci-
tations have good discovery potentials in future experiments.
However, if these states have a larger mass as predicted in
Ref. [40], they might be difficult to be found in experiments
for their broad widths. Finally, it should be pointed out that
the newly observed natural parity resonance D∗J(3000) seems
to be a good candidate of the D(13F4), although its mass is
about 100 ∼ 200 MeV less than the model predictions.
IV. SUMMARY
In the chiral quark model framework, we systematically
study the strong decays of the higher excited heavy-light
mesons from the first radially excited states up to the first F-
wave states. We summarize our major results as follows.
The first radially excited states 21S 0 in the D-, Ds-, B-
and Bs-meson spectroscopy are narrow states, and their pre-
dicted width might be less than 100 MeV. If the D(2550) cor-
responds to this excitation indeed, the other radially excited
states Ds(21S 0), B(21S 0) and Bs(21S 0) are most likely to be
also observed in the D∗K, B∗π and B∗K final states, respec-
tively, for their narrower widths.
Configuration mixing might exist between the low-lying
JP = 1− states 23S 1 and 13D1. Both D(2600) and Ds1(2700)
could be assigned as the low-mass mixed state |(S D)1〉L via
the 23S 1-13D1 mixing. As flavor partners of the D(2600) and
Ds1(2700), the low-mass mixed states in the B- and Bs-meson
families, B(|(S D)1〉L) and Bs(|(S D)1〉L), should have a rela-
tively narrow width. They are most likely to be observed in
future experiments. In the high-mass mixed states, the widths
of the charmed-strange state Ds(|(S D)′1〉H) and the bottom-
strange state Bs(|(S D)′1〉H) are as comparable as the low-mass
mixed states, which might be observed in the DK and BK
channels, respectively. While, the bottom state B(|(S D)′1〉H) is
a broad state, which might be difficult to be found in experi-
ments. It should be pointed out that the newly observed res-
onance Ds1(2860) by LHCb Collaboration might correspond
to the physical partners of the Ds1(2700), i.e., the high-mass
state Ds(|(S D)′1〉H).
In the low-lying D-wave states with JP = 2−, 11D2 and
13D2, there might be configuration mixing as well. The nar-
row resonances D(2750) and DsJ2(2860) might be classified
as the high-mass mixed state |1D′2〉H via the 11D2-13D2 mix-
ing. The other high-mass mixed states in the B- and Bs-meson
families, B(|1D′2〉H) and Bs(|1D′2〉H) have a narrow width as
well. These two narrow states might be observed in the B∗π
and B∗K, respectively. However, the low-mass mixed state
|1D2〉L should be a broad state. The typical total decay widths
for the mixed states D(|1D2〉L) and B(|1D2〉L) in the D- and B-
meson families are usually larger than 300 MeV, which might
be too broad to be observed in experiments. While the widths
for the mixed states Ds(|1D2〉L) and Bs(|1D2〉L) containing a
strange quark are ∼ 250 MeV, which still have some possibil-
ities to be observed in future experiments.
For the low-lying D-wave excitations with JP = 3−, 13D3,
in the D-, Ds-, B- and Bs-meson spectroscopy, we might have
observed three excitations D(2760), DsJ1 (2860) and B(5970)
in recent experiments. The last unobserved one in the Bs-
meson family should be a narrow state with a width of Γ ≃
(25 ∼ 75) MeV, which is most likely to be found in the BK
and B∗K channels.
No evidence of the second P-wave excitations with JP = 0+
is found in experiments. In the D- and B-meson families, the
D(23P0) and B(23P0) excitations should be very broad states,
whose widths are larger than 400 MeV. It might be difficult
to be found in experiments. However, the widths of the reso-
nances Ds(23P0) and Bs(23P0) in the Ds- and Bs-meson spec-
troscopy are relatively narrower, which might be observed in
the DK and BK channels, respectively.
The physical states of the second P-wave states with JP =
1+ might be mixed states between the 21P1 and 23P1. The
strong decay properties of both DsJ(3040) and DJ(3000) can
be explained by assigning them as the low-mass mixed state
|2P1〉L via the 21P1-23P1 mixing with a mixing angle in the
range of φ2P = −(20 ∼ 26)◦. The mixed state Bs(|2P1〉L)
in the Bs-meson family is the narrowest state in these low-
mass mixed states, thus, it is most likely to be observed in the
B∗K channel. On the contrary, the mixed state B(|2P1〉L) in
the B-meson family might have the broadest width in these
low-mass mixed states, thus, its discovery potentials might be
small. The high-mass mixed states D(|2P′1〉H), Ds(|2P′1〉H),
B(|2P′1〉H) and Bs(|2P′1〉H) are usually narrower than those of
low-mass states. These states dominantly decay into the first
P-wave states by emitting a light pseudoscalar meson. How-
ever, experimental analysis of these decay channels is still
absent, which might explain why these broader mixed states
DsJ(3040) and DJ(3000) have been first found in experiments.
It is strongly suggested to carry out experimental analysis
of the final states containing a low-lying P-wave state with
JP = 0+, 1+.
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No evidence of the second P-wave excitations with JP = 2+
in the D-, Ds-, B- and Bs-meson spectroscopy is found in ex-
periments. Our calculations indicate that these P-wave ex-
citations D(23P2), Ds(23P2), B(23P2) and Bs(23P2) have a
relatively narrow width, their strong decays are governed by
the D1(2430)π, D1(2430)K, B(1P1)π and B(1P1)K, respec-
tively. Thus, it is might be a good chance for us to find the
D(23P2) and Ds(23P2) excitations by analyzing the data in the
D1(2430)π and D1(2430)K final states, respectively.
The 13F2 excitations in the heavy-light mesons are most
likely to be very broad resonances, whose widths are larger
than 400 MeV. Such broad states might be difficult to be ob-
served in experiments, which might explain why these states
are still missing in the heavy-light meson spectroscopy.
Considering configuration mixing in the first F-wave states
with JP = 3+, we predict that the low-mass mixed states
|1F3〉L in the heavy-light mesons are usually broad states, they
should be difficult to be found in experiments. While the de-
cay widths of the high-mass mixed states |1F′3〉H are relatively
narrower than those of the low-mass states. These high-mass
states |1F′3〉H might be observed in future experiments if they
have a smaller mass as predicted in Ref. [39]. The optimal ob-
served channels for the D(|1F′3〉H), Ds(|1F′3〉H), B(|1F′3〉H) and
Bs(|1F′3〉H) are D∗π, D∗K, B∗π and B∗K, respectively. How-
ever, these high-mass states |1F′3〉H might be very broad states
if their mass is as large as that predicted in Ref. [40].
For the 13F4 excitations, their decay widths are sensitive
to the mass. If these states have a smaller mass as predicted
in Ref. [39], they might have relatively narrow width Γ ∼ 100
MeV. In this case, these excitations have good observation po-
tentials in future experiments. The optimal observed channels
for the D(13F4), Ds(13F4), B(13F4) and Bs(13F4) are Dπ/D∗π,
DK/D∗K, Bπ/B∗π and BK/B∗K, respectively. However, if
these states have a larger mass as predicted in Ref. [40], they
might be difficult to be found in experiments for their broad
widths. Taking the newly observed natural parity resonance
D∗J(3000) as a candidate of the D(13F4), we find that the the-
oretical predictions of the strong decay properties are consis-
tent with the observation. However, the predicted mass is in-
consistent with the observation, which is about 100 ∼ 200
MeV larger than the data. If the D∗J(3000) corresponds to the
D(13F4) state indeed, it should be observed in both Dπ and
D∗π channels. To clarify the puzzles in the D∗J(3000), more
observations are needed.
Finally, it should be pointed out that the chiral quark model
still has some limitations. For example, the simple harmonic
oscillator wave functions of the resonances have been adopted
in the calculations, which should be different from the realistic
wave functions more or less. Thus, the wave functions might
bring some uncertainties to our predictions. Furthermore, our
model is a nonrelativistic model, the relativistic effects could
bring some uncertainties to the decay widths as well. Thus,
we might only give a qualitative prediction of the strong decay
properties for some resonances.
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